The effect of different fecal sample weights on the detection of Salmonella enterica in swine feces was examined. Sample weights evaluated were rectal swabs and fecal samples weighing 1 g, 10 g, and 25 g. Comparisons were made on matched fecal samples obtained from individual pigs housed on 2 commercial swine farms in North Carolina. Relative sensitivity (number of positive pigs per fecal weight category/number positive in all weight categories) increased (P Ͻ 0.001) with fecal sample weight, and ranged from 9% for rectal swabs to 78% for 25-g samples. Stomaching of fecal samples did not affect detection of S. enterica. These observations demonstrate that fecal sample weight can markedly influence estimates of prevalence of S. enterica in epidemiologic studies. Failure to consider the imperfect sensitivity of bacterial culture in the design and interpretation of epidemiologic studies will lead to underestimation of prevalence and reduced power to detect the presence of S. enterica-infected herds.
In many countries, contamination of meat and poultry products with bacteria potentially pathogenic to humans has become a major public health and trade concern. In 1996, legislative changes to the regulation of meat inspection in the USA mandated new inspection procedures based on implementation of hazard analysis critical control point systems. 1 These changes included the introduction of microbiologic monitoring of 'generic' Escherichia coli and Salmonella enterica to evaluate process control in slaughter plants. Accompanying these regulatory changes, interest has increased in identifying control measures at the farm level (preharvest) to reduce the numbers of infected animals entering slaughter plants.
To identify control measures for Salmonella infection on swine farms, an understanding of the epidemiologic patterns of S. enterica infection and shedding on farms is necessary. Conventional bacteriologic culture remains the foundation of epidemiologic studies of S. enterica 27 and numerous studies have compared microbiologic techniques for isolating salmonellae from a range of sources, 6 including swine feces. 33, 34 Sampling and bacteriologic methods have varied greatly among previous epidemiologic studies of S. enterica in swine populations, 4, 9, 10, 21, 26, 29, 35, 38 greatly limiting the ability to compare results. The scope of this methodological dilemma was illustrated 39 in a survey of veterinary diagnostic laboratories in the USA, which found that none of the 74 respondent laboratories used identical protocols for culturing S. enterica from poultry samples.
Although fecal sample weight has varied considerably among epidemiologic studies of S. enterica in swine, the effect of sample weight on the detection of S. enterica in swine feces has not been systematically studied. However, evidence exists to suggest that fecal sample weight may affect the sensitivity of detecting infected pigs. Larger sample weights yielded higher recovery of S. enterica from human feces 30 and swine cecal contents. 18, 32 Higher rates of detection from pooled pen fecal samples compared with rectal swabs from individual pigs 12, 16, 19, 22 may also be partly attributable to increased sample weight. The purpose of the study reported here was to examine the effect of fecal sample weight on the sensitivity of bacterial culture for detecting pigs shedding S. enterica.
Materials and methods
Fecal samples. Rectal swabs and fecal samples were obtained per rectum from individual pigs housed at 2 farms in North Carolina, including sows from a commercial breeding farm (farm A) and finishing pigs from a commercial farrowto-finish farm (farm B). These 2 farms were known from previous field studies to harbor S. enterica-positive pigs, but were otherwise unrelated. Rectal swabs were placed in 9 ml of 2% buffered peptone water a solution (BPW) for transport to the laboratory. Fecal samples were placed in sterile bags b and stored at ambient temperature for transport to the laboratory. Samples were divided into weight categories at the laboratory. All samples were processed the day of collection.
A total of 228 animals was sampled, including 178 sows and 50 finishing pigs from farms A and B, respectively. For all animals 1-g, 10-g, and 25-g samples were obtained (comparison 1). In a subset of these animals (comparison 2), rectal swabs were also obtained. For 153 animals, sufficient feces were collected to compare the effect of stomaching of , fecal samples were divided in half at the laboratory, and one half of the fecal material was stomached before dividing both the stomached and nonstomached feces into 1-g, 10-g, and 25-g portions. Stomaching was accomplished by placing one half of the fecal sample in a stomacher c for 2 15-sec intervals. Bacteriologic culture. To detect S. enterica, fecal samples were diluted 1:9 by weight with BPW. Rectal swabs remained in the BPW used for transport. Fecal samples and rectal swabs were incubated overnight at 37 C. A 0.1-ml aliquot of the fecal-BPW suspension was transferred to 9.9ml Rappaport-Vassiliadis d broth (RV) and incubated in a water bath at 42 C for 24 Ϯ 2 hr. A loopful of RV was plated on xylose-lysine-tergitol agar e (XLT4) and incubated at 37 C overnight. One colony per XLT4 plate with morphology consistent with S. enterica was transferred to triple sugar iron f and Christensen's urea agar g slants. Isolates presumptively identified as S. enterica were submitted for serotyping to National Veterinary Services Laboratory, Ames, Iowa.
Statistical analysis. Cochran's Q for Ͼ2 matched samples 13 was used within each comparison (1-3) of the proportion of animals positive for each of the fecal sample weight categories. Within each comparison group, the 'true' status of a sample was defined as positive if S. enterica was detected with any subsample (weight category) and as negative if all subsamples were culture negative. Within each comparison group, the prevalence of pigs positive for S. enterica was defined as the proportion of animals identified as positive by any method (hereafter termed overall prevalence). 20 Within comparisons, the relative sensitivity for each sample weight was calculated by dividing the proportion of animals positive for a weight category (apparent prevalence) by the overall prevalence: relative sensitivity 20 ϭ apparent prevalence/overall prevalence.
To illustrate the effect of fecal sample weight on sample sizes required to detect at least 1 animal shedding S. enterica in a group of animals we used relative sensitivity derived from our data in the equation 14 :
where: a ϭ confidence level, D ϭ number of animals detectable as shedding S. enterica ϭ overall prevalence ϫ relative sensitivity ϫ N, and N ϭ population size. Apparent prevalence was calculated by multiplying a hypothetical true prevalence by the relative sensitivity at different fecal sample weights.
Results
Overall, 241 isolates of S. enterica were identified, including 10 serotypes (Table 1) . Comparison 1. In comparison 1, the overall prevalence of pigs identified as shedding S. enterica in their feces was 35.1% (80/228). The proportion of animals positive for 1-g samples was 11.4% (26/228). Seven animals were identified as positive for 1-g samples that were negative at 10-g and 25-g sample weights. The proportion of animals positive for 10-g and 25-g sample weights was 22.4% (51/228) and 24.1% (55/228), respectively. Fifteen animals were identified as positive by the 10-g fecal weight only and 18 animals were identified as positive by the 25-g fecal weight only. Two serotypes were isolated in 7 animals. Table 2 demonstrates the proportion of animals positive and the relative sensitivity of each weight category. Relative sensitivity was 32.5% for 1-g samples, 63.8% for 10-g samples, and 68.8% for 25-g samples. (Table 3 ). Relative sensitivity ranged from 8.7% for the swab samples to 78.3% for the 25-g fecal weight. No animals were detected to be shedding S. enterica by the rectal swab alone.
Comparison 3. In comparison 3, the overall prevalence was 49.6% (76/153). The proportion of animals identified as positive for fecal shedding of S. enterica in each weight category ranged from 13.7% (21/153) for 1-g nonstomached fecal samples to 29% (44/153) for 25-g stomached samples ( Table 4 ). The relative sensitivity ranged from 28% for non-stomached 1g samples to 58% for 25g stomached samples.
In all comparison groups, a statistically significant difference among the fecal weight categories in the proportion of animals detected to be shedding S. enterica (P Ͻ 0.001) was found. No difference was found in detection of S. enterica between stomached and nonstomached samples (P Ͼ 0.05).
Using the relative sensitivity values for the 4 fecal weight categories from comparison 2, apparent prevalence was calculated at hypothetical prevalence rates of 10%, 25%, 50%, and 75% (Table 5 ). Predicted apparent prevalence ranged from 0.9% (swab) to 6.5% (25 g) when the overall prevalence was 10%, but from to 6.5% to 59% in a population with 75% overall prevalence. Again, using relative sensitivities derived from comparison 2, the numbers of animals that would have to be sampled from a large population (1,000 head, typical of modern finishing barns) to be 95% certain of detecting 1 positive animal assuming overall prevalence rates of 5%, 10%, 25%, and 50% was calculated for the respective fecal sample weights ( Fig. 1) . A sample size of 30 is commonly elected in studies, because it provides 95% confidence of detecting at least 1 positive animal assuming a 10% prevalence (with a test with perfect sensitivity). Based on the data obtained in this study, using 1-g, 10-g, and 25-g fecal sample weights, a sample size of 30 pigs would provide 95% confidence to identify the herd as positive if the prevalence was 50%. For 10-g and 25-g fecal sample weights, a sample of 30 pigs would also be adequate for 95% confidence if prevalence was 25%. At lower prevalence (5%, 10%), a sample size of 30 pigs would be inadequate to be 95% confident of identifying a herd as positive. Sample sizes required to achieve 95% confidence ranged from 6 animals for 25g samples and 50% prevalence, to 240 animals for 1g samples and 5% prevalence.
Discussion
Understanding the impact of fecal sample weights on Salmonella detection should be useful to reconcile results of epidemiologic studies that have employed different methods; to interpret data within studies when sample weight varies (e.g., smaller samples from suckling pigs vs. finishing pigs); and to define pre- Table 5 . Apparent prevalence (%) of pigs shedding Salmonella enterica in feces determined by bacterial culture at prevalence rates of 10, 25, 50, and 75% for rectal swab, and 1-g, 10-g, and 25-g fecal sample weights. ferred methods when designing epidemiological studies. The range of fecal sample weights evaluated (swabs, 1 g, 10 g, 25 g) was selected from previously published studies of swine. 3, 10, 12 This range encompassed most practical options, which may be limited by biological constraints (inability to obtain large samples from suckling piglets) or logistic constraints of laboratory resources. Fecal weight was preferred to fecal volume or other measures of fecal sample quantity for practicality of measurement in the laboratory and because of precedent in the literature. The composition of diets and water content of feces can alter fecal density dramatically, and the effect that fecal composition may have on relative sensitivity of S. enterica detection is unknown.
The results of this study demonstrate a pronounced effect of fecal weight on sensitivity of detecting S. enterica in feces of naturally infected pigs. These observations are supported by data showing that detection of S. enterica in rectal swabs from pigs was mark-edly inferior to fecal samples of approximately 10 g. 21 Similarly, human fecal specimens (3-10 g) yielded more isolates of S. enterica than did rectal swabs from the same patients, especially in subclinical, chronic carriers. 30 Also, in one study 18 of 814 slaughtered pigs, 78 of 88 (89%) Salmonella-positive pigs were identified by culture of 80-g samples of cecal contents, compared with 40 of 88 (45%) pigs detected with cecal swabs. A similar study detected S. enterica in 6% of cecal swabs compared with 23% of cecal contents. 32 More recently, a Danish study stated that 5-g cecal samples had a sensitivity of 0.5-0.6 for the isolation of S. enterica from naturally infected swine, 3 a figure consistent with the data of this investigation for feces. It is important to remember that estimates of relative sensitivity in this study apply to detecting S. enterica present in fecal samples, rather than infection of the animal (and therefore are optimistic estimates). The magnitude of the effect observed, including the modest sensitivity (0.57-0.78) of the largest sample weight category (25 g), clearly has important implications for the design and interpretation of epidemiologic studies based on culture of S. enterica in swine herds.
Design of epidemiologic studies generally entails some compromise because of logistic and financial constraints. Although the sensitivity of sampling and bacteriologic methods clearly impacts the interpretation of epidemiologic studies, this sensitivity has not commonly been addressed in the published literature. In this study the word sensitivity has been used in its quantitative epidemiologic context, meaning the proportion of disease-positive animals that are test-positive. 20 For bacteriologic culture, particularly of con-taminated materials such as feces, it is highly likely that qualitative (positive/negative) results will be affected by concentrations of target organisms (in this case S. enterica) and competing organisms in the material cultured. 11, 17, 23, 36 Consequently, one would expect that data obtained from this type of study could be affected by the source of the samples. For this reason the study was conducted using samples from naturally infected pigs in commercial herds rather than with experimentally infected pigs. As previously reported for human feces, 30 the effect of sample weight is likely to be more pronounced for chronic carriers shedding low numbers of organisms than for acutely infected pigs. Because only 1 selective enrichment and plating combination was utilized to evaluate the effect of fecal weight, data cannot be directly extrapolated to other bacteriologic methods. However, given the magnitude of the effect observed, it is reasonable to expect that fecal sample weight may also affect sensitivity when other methods for isolation are used. To enable more meaningful interpretation of epidemiologic data, it is prudent for investigators to perform some methodological studies to understand the sensitivity of their sampling and bacteriologic procedures.
Despite the marked effect of fecal sample weight on sensitivity, in some pigs Salmonella was cultured from 1-g fecal samples but not from the corresponding 10g or 25-g samples from those pigs. Similarly, in a study of meat samples, sample weight had a significant effect on sensitivity of detection, yet S. enterica was occasionally isolated from small meat samples, whereas larger samples were negative. 37 One possible explanation is that S. enterica are not homogeneously distributed in feces (or other materials), particularly in pigs shedding low numbers of organisms. Such uneven distribution of low numbers of organisms could lead to random occurrence of S. enterica among fecal weight categories. For this reason the effect of stomaching of samples was evaluated. Stomaching required considerable labor input but did not result in increased detection of S. enterica.
Assuming that bacterial culture has perfect specificity (because the organism of interest is identified), apparent prevalence of culture-positive animals is a function of true prevalence and test sensitivity. In addition, for a test with high specificity and low sensitivity the magnitude of the discrepancy between apparent and true prevalence will be small when prevalence is low. For example, at a hypothetical prevalence of 10%, the range of apparent prevalence for different sample weights was 0.9% to 8%. In contrast, for a true prevalence of 75%, apparent prevalence ranged from 7% to 59% (Table 5 ). Therefore, according to the circumstances, the choice of sample weight may have a rel-atively modest or a considerable impact on interpretation of results.
Because current laboratory protocol is to select 1 colony typical in morphology to S. enterica per culture for serotyping, this laboratory is usually unable to identify animals shedding more than 1 serotype. Of 80 pigs in this study that were positive in more than 1 fecal weight category, 15 (18.8%) pigs were found to be shedding more than 1 serotype, consistent with some previous reports of pigs harboring more than 1 serotype. 15, 24, 25, 28, 31, 32, 34 Typically, criteria for determining sample size for epidemiologic studies of S. enterica do not consider the likely presence of more than 1 serotype in a herd, let alone in an individual animal. However, if the objective of a study is to characterize the prevalence and serotypes of S. enterica in herds, some consideration is warranted. Various approaches for identifying the presence of multiple serotypes in samples have been discussed. 17 Some possibilities at the herd level include serotyping multiple isolates per plate, use of multiple enrichment broths (and time and temperature of enrichment) and plating media, culturing multiple samples per pig (as in this study), or sampling more animals per herd. In this study, all of the serotypes identified in pigs shedding more than 1 serotype were also identified in fecal samples from other pigs. Sampling more animals per group, as opposed to serotyping more colonies per positive fecal sample, is likely to be the most efficient approach because it maximizes the diversity of the source material while also providing the benefit of more accurate estimation of prevalence. In addition, as suggested by research on the dynamics of bacterial growth in selective enrichment broths, 17, 23 selective enrichment may result in asynchronous growth curves because of differing susceptibilities among serotypes to the restrictive components of the media. Therefore, selection of more than 1 colony for serotyping may not be as efficient as sampling more animals or utilizing delayed secondary enrichment techniques. 17, 33, 34 The implications of sampling methodologies used in epidemiologic investigations of S. enterica in swine herds are an important consideration. The importance extends beyond the scientific merit of the research and the ability to compare results among laboratories to the implications of regulatory controls that are being suggested in the USA and that are currently in use in other swine-producing countries. Comparisons among different countries for trade compliance and competition for market share will likely result in continued demand for better control of foodborne pathogens on farms. 2, 7, 8 Standardization of sampling methods would allow for greater and more accurate comparison among laboratories and more efficient progress towards iden-tifying appropriate control measures, if available, on swine farms. 
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